An ultra performance liquid chromatography coupled with photodiode array detector and time-of-flight tandem mass spectrometry (UPLC-PDA -TOF-MS) method was developed for the quality assessment of Danmu preparations, a commonly used traditional Chinese medicine. Thirty-three compounds from Danmu preparations were simultaneously detected; among them, 14 compounds were unequivocally identified based on their retention behaviors, UV spectrum, MS and MS n data by comparing with reference substances, and the others were tentatively characterized by literatures. Twelve of 33 compounds were simultaneously determined by UPLC-PDA, and the validation of the quantitative method, including recoveries, linearity, sensitivity, precision and repeatability was carried out and the results demonstrated to be satisfied the requirements of quantitative analysis. The results suggested that the established method would be a powerful and reliable analytical tool for quality control of Danmu preparations and the characterization of multi-constituent in complex chemical system.
Introduction
Nauclea officinalis (commonly known as Danmu) is a plant of the madder family growing in the southern part of China and the only one species in genus Nauclea in China, which has long been used in the traditional medicine of China and other countries. Its stem and bark are believed to have anti-inflammatory effects and used for the treatment of cold, fever, swelling of throat, pink eyes, and so on (1, 2) . Nowadays, two modern dosage forms including Danmu injection and Danmu tablet prepared from N. officinalis have been developed in China.
Up to now, a number of studies have been published focusing on the separation and identification of the constituents of N. officinalis (3 -9), which showed that alkaloids and glycoalkaloids are the main components in N. officinalis, and they exhibited biological activities such as anti-bacterial and anti-inflammatory (6 -8) .
In our laboratory, Danmu injection was systematically studied (10) , and the results showed that phenols ( phenolic acid and phenol glycoside) and iridous glycoside were another two important components except glycoalkaloid in Danmu injection. These compounds also had activities such as anti-bacterial and anti-inflammatory (11, 12) . Considering the pharmacological importance of these compounds, identification and determination of them are important in evaluating the quality of Danmu preparations.
Xie et al. determined five compounds in N. officinalis leaves by HPLC (13) . As for the quantitative analysis of Danmu preparations, the single alkaloid strictosamide had been determined by HPLC (14, 15) , and three alkaloids and one phenol acid had been determined by HPLC (16) . However, this procedure could definitely not provide a complete chemical profile for Danmu preparations.
Ultra performance liquid chromatography (UPLC) method has become one of the most frequently applied approaches in the area of fast chromatographic separations, which holds excellent peak shapes, enhanced reproducibility and high-speed detection with complex biological samples as well as capacity for the quality control of herbal medicines (17) (18) (19) (20) . Certainly, a valuable and convincing UPLC chromatogram should have most of its peaks assigned. However, it is usually difficult toward this end owing to the lack of reference substances necessary for the structure identification. Fortunately, quadruple time-of-flight mass spectrometry (Q-TOF-MS) is a rapid and sensitive technique with greater accuracy and precision for structural elucidation as long as the co-eluting compounds possess different m/z values (21) . Since photodiode array (PDA) is very stable and sensitive, it is widely used to assaying in traditional Chinese medicines (TCMs). Liquid chromatography coupled with mass spectrometry (LC -MS) and PDA could facilitate high-throughput screening and assaying of chemical constituents in TCMs.
In this paper, a combined UPLC -PDA -TOF-MS method for qualification and quantification of the constituents in Danmu preparations (injection and tablet) was established. The advantages of this new method comprise high-speed detection, excellent peak shapes and less solvent usage, and it took 20 min for detecting 33 compounds of Danmu preparations using UPLC -TOF-MS; additionally, based on the chemical profile of Danmu preparations, 12 of the 33 compounds were simultaneously determined by the UPLC -PDA. The study represents the detailed investigation of the constituents of Danmu preparations and provides an applicable method for its quality evaluation.
Experimental
Chemicals and materials HPLC-grade acetonitrile and formic acid were purchased from Merck (Darmstadt, Germany) and Tedia (Fairfield, OH, USA), respectively. Ultrapure water was prepared by a Milli-Q System (Millipore, Bedford, MA, USA) for preparing samples and mobile solution. Other reagents were of analytical grade. The membrane filters were purchased from Shanghai Dense Granule Membrane Separation Technology Co., Ltd. (Shanghai, China). All solvents and samples were filtered through 0.22 mm membrane filters before analysis.
Protocatechuic acid (1) and chlorogenic acid (8) were purchased from the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China); Neochlorogenic acid (4) and cryptochlorogenic acid (11) UPLC-PDA analysis UPLC analysis was performed on a Waters Acquity UPLC system (Waters, Milford, MA, USA) equipped with a binary solvent delivery pump, a sample manager and a PDA detector. The output signal was monitored and processed using Empower 2 software. The chromatographic separation was performed using a Waters Acquity BEH C 18 column (100 Â 2.1 mm, 1.7 mm). The mobile phase was comprised of (A) acetonitrile and (B) water containing 0.1% formic acid. A gradient elution program was applied as follows: 0 -0.5 min hold on 2% A; 0.5 -6 min linear increased from 2 to 10% A; 6-20 min linear increased from 10 to 33% A; flow rate was 0.4 mL/min. The injection volume was 2 mL. Column temperature was 408C. Detection wavelength was set at 260 nm for protocatechuic acid, 327 nm for neochlorogenic acid, chlorogenic acid and cryptochlorogenic acid, 245 nm for pumiloside, 3-epi-pumiloside and sweroside, 226 nm for naucleamide A-10-O-b-D-glucopyranoside, naucleamide G, 3a,5a-tetrahydrodeoxycordifoline lactam, strictosamide and vincosamide, respectively.
UPLC-TOF-MS analysis
Mass spectrometry was performed by a Waters Q-TOF premier system (Waters) with an electrospray ionization source (ESI) ion source was used for identification of chemical constituents in Danmu preparation. The ESI-MS spectra of samples and reference compounds were acquired in both positive and negative ionization modes. For negative ESI analysis, the parameters were as follows: the nebulization gas was set 700 L/h at temperature of 3508C, the cone gas was set 50 L/h, and the source temperature was set 1058C. The capillary voltage and cone voltage were set 3000 and 50 V, respectively. Spectra were acquired in centroid, negative mode, with a scan time of 0.2 s. Mass range was scanned from 50 to 1000 Da and corrected during acquisition using an external reference (lock spray) consisting of a solution of 600 ng/mL leucine enkephalin (m/z 554.2615) infused at a rate of 5 mL/min. The transfer CE and trap CE to acquire MS date were 4 and 6 eV, respectively, whereas the transfer CE was 15 eV and the trap CE was ramped from 20 to 50 eV to acquire MS/MS data. The raw data were acquired and processed by MassLynx (version 4.1; Waters).
Standard solutions and sample preparation Stock solutions containing reference compounds were prepared with methanol and diluted to appropriate concentrations with 70% methanol for the construction of calibration curves. At least six concentrations of the solution were analyzed in duplicates, Glu, glucopyranoside;api: apiofuranosyl.
and then the calibration curves were constructed by plotting the peak areas versus the concentration of each analyte. A sample of 1.0 mL Danmu injection was diluted to 10 mL with ultrapure water in a volumetric flask before being filtered through a 0.22-mm membrane filters. An aliquot of each filtrate (2 mL) was injected into the UPLC instrument for analysis.
The powders of Danmu tablet (0.1 g) was accurately weighed and extracted by ultrasonic with 25 mL 70% methanol solution for 1 h, the supernatant was filtered through a 0.22-mm membrane prior to injection. An aliquot of each filtrate (2 mL) was injected into the UPLC instrument for analysis.
UPLC-PDA method validation of the quantitative analysis
The UPLC method was validated for linearity, limits of detection (LODs), limits of quantification (LOQs), inter-and intraday precisions, stability and recovery. All calibration graphs were plotted based on linear regression analysis of the integrated peak areas (y) versus concentrations (x, mg/mL) of the 12 compounds in the standard solution at six different concentrations. The sensitivity of the method was evaluated by determining LOD and LOQ. The LODs and LOQs under the present chromatographic conditions were defined as each compound's signal-to-baseline noise peak ratio high of 3 and 10, respectively. Intra-and interday variations were chosen to determine the precision of the developed assay. For intraday variability test, the sample solutions were analyzed for six replicates within 1 day, while for interday variability test; the solutions were examined in duplicates for consecutive 3 days. Recovery test was carried out to investigate accuracy of this method by spiking certain amounts of the 12 standard solutions to sample in sextuplicate. Samples were processed as described above.
Results

Identification of chemical constituents in Danmu preparation
UPLC -PDA-TOF-MS was employed to analyze reference compounds and Danmu preparations samples. Thirty-three peaks were identified from the solution of Danmu preparations (Figures 1 and 2 and Table I ), 14 of which (1, 4, 8, 9, 11, 14, 17,  21, 22, 23 , 27, 30, 31 and 32) were confirmed by comparing the retention times, UV spectra, MS data with that of reference compounds, while others were tentatively assigned by matching the empirical molecular formula with that of the published known components (6 -8) .
As shown in Table I , the MS data showed high precision with all the mass accuracy within 5 ppm, which indicated that the empirical molecular formula well match the quasi-molecular ions. Formic acid was added to the mobile phase not only acting as a chromatographic modifier but also to generate adduct ion [MþHCOOH-H] (22) . The MS spectrum was showed in Figure 3 .
Among the identified constituents, two iridous glycosides ( peaks 7 and 17) were characterized by MS n analysis due to their fragmentation pathways. Sweroside (17) ingredient in N. officinalis and its preparations (6 -8, 13, 14) . In the negative mode, the [M-H] 2 ion of compound 31 was shown in full-scan mass spectrum. [M-H] 2 ion generated the base peak
2 at m/z 265, which was assigned as the RDA cleavage of ring E of loss neutral fragments (70 Da) (9) . Compound 30 was isolated from the N. officinalis for the first time by our group (22) . The structures of compounds 30 and 31 were very similar to each other except for "-COOH" groups at the C-5 position. The characteristic [M-glu -H 2 O-CO 2 
-H]
2 ion m/z 317 and m/z 265 were observed, which were attributed to the losses of RDA cleavage of ring E. Compound 22 was a new component and isolated in our lab (22) . The MS spectrum was showed in Figure 4 .
Some peaks were the isomeric compounds with the same quasi-molecular and similar fragment ions in MS spectra; however, they showed different retention behavior which was helpful for the identification. Compounds 15, 18, 20 , and 21 are a group of isomers with the same molecular formulae C 26 H 23 N 2 O 9 , they are epimers at C16 and C3, and UPLC analysis showed four peaks at 7.251, 7.798, 8.952 and 9.235 min corresponding to 15, 18, 20 and 21, respectively. Similarly, peaks 23 and 27, peaks 31 and 32, peaks 30 and 33 were identified as pumiloside and 3-epi-pumiloside, strictosamide and vincosamide, 3a-5a-tetrahydrodeoxycordifoline lactam and its isomer at C3, respectively.
Quantitative determination of Danmu preparations
The UPLC analytical method described above was subsequently used to simultaneously quantify 12 compounds in five batches of Danmu injection and two batches of Danmu tablet, respectively. The contents (n ¼ 3) of 12 investigated compounds were summarized in Table II . It was found that protocatechuic acid (1), sweroside (17) , naucleamide A-10-O-b-D-glucopyranoside (21), naucleamide G (22) , pumiloside (23) and strictosamide (31) were the dominant compounds in all examined samples. Among them, strictosamide (31) was the most abundant compound in all Danmu preparations, especially in Danmu tablet. The differences of content maybe result from different aspects such as sources of raw materials, procedures of processing and manufacturing.
Discussion
Chromatographic conditions and Q-TOF-MS/MS method development The optimization of UPLC conditions was performed using the mixed solution of 12 standard compounds and the Danmu injection (110401). The chromatographic conditions of the mobile phase systems (methanol-aqueous, acetonitrile-aqueous, methanol-aqueous with 0.1% formic acid and acetonitrile-aqueous with 0.1% formic acid), gradient program and the column temperature (30, 35 and 408C) were optimized in order to obtain overall constituents of Danmu preparations with good resolution within a short analysis time. The results showed that the mobile phase system of acetonotrile-aqueous containing 0.1% formic acid was better than other systems mentioned above. 0.1% formic acid was added to aqueous solution to improve chromatographic behavior and to reduce the peak tailing and facilitate ionization. The resolutions of investigated compounds were tested and compared using different column temperature. The results showed that 408C with gradient elution of acetonitrile-water containing 0.1% formic acid could achieve better separation for the investigated compounds. By the optimal gradient elution, all of the 12 main standard compounds could be well separated within 20 min (Figure 1 ). The optimized chromatographic conditions are described above. Total ion chromatogram (TIC) of the mixture of standards solution was analyzed by collecting their MS spectra in full-scan mode. Both positive and negative ion modes were tested. It was found that the negative ion mode was more sensitive and suitable for screening analysis of Danmu preparations than the positive ion mode. As such, data monitored in negative ion mode was used for the component characterization.
Method validation of the quantitative analysis
The calibration curves, linear ranges and LOD, LOQ of 12 analytes were performed using the developed UPLC -PDA method. The satisfactory results were listed in Table III. Correlation coefficient values were .0.9998, which indicated a good linear correlation. For the quantified compounds, the LODs and LOQs were from 0.10 to 2.51 ng and 0.30 to 6.51 ng, respectively, and the RSDs of precision, repeatability and recovery for all components were ,4.60%. As seen in Tables IV and V, the intra-and interday variability RSD values were ,2.95 and 4.60%, respectively. The recovery of the method was in the range of 98.07 -106.52%, with RSD ,4.07%. Therefore, the results demonstrated that the UPLC -PDA method was sensitive, precise and accurate enough for quantitative evaluation of multicompound in Danmu preparations.
Conclusions
A rapid, efficient and sensitive method employing UPLC -PDA -TOF-MS was developed for qualitative and quantitative analysis of chemical constituents of Danmu preparations. A total of 33 compounds including phenolic acid and phenol glycoside, iridous glycoside, and glycoalkaloid were characterized on the basis of retention behaviors, UV spectrum, MS and MS/MS data with reference substances or literature. Additionally, an optimized UPLC -PDA method was established for assay of the 12 active compounds in Danmu preparations and satisfactory results were obtained. This method exhibited an excellent performance in terms of sensitivity and speed. The results would provide the chemical support for the further pharmacokinetic studies and for the improvement of quality control of Danmu preparations.
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